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FOREWORD

The Energy Efficient Engine Component Development
and Integration Program is currently being
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Space Administration contracts to Pratt & Whitney
and General Electric Company. The overall project
is under the direction of Mr. Carl C. Ciepluch.
The Pratt & Whitney effort is under NASA Contract
NAS3-20646, and Mr. W. R. Britsch is the NASA
Project Engineer responsible for the portion of
the project described in this report. Mr. D. E.
Gray is manager of the Energy Efficient Engine
Project at Pratt & Whitney. This report was
prepared by Mr. D. C. Howe and Mr. R. D. Marchant
of Pratt & Whitney.
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SECTION 1.0
SUMMARY

This report documents the design of the high-pressure compressor which was .
tested as part of the Pratt & Whitney Energy Efficient Engine Program under
NASA Contract NAS3-20646.

The Energy Efficient Engine high-pressure compressor is designed to produce a
14:1 pressure ratio in ten stages with an adiabatic efficiency of 88.2 percent
in a fully-developed flight propulsion system. The corresponding expected
efficiency for the component test rig is 86.5 percent. Low loss, highly loaded
airfoils are used to raise the efficiency while reducing the parts count. Both
clearance control and blade tip trenches are incorporated into the case design
to further increase the efficiency potential. The latter incorporate rub

strips over the tips.

In addition to the aerodynamic and mechanical design of the compressor
component, features also documented in this report include the compressor
intermediate case and the compressor to be tested in the component rig. The
intermediate case design was included in the compressor design effort because
of the strong interdependence between these two subassemblies.

The compressor component rig incorporates variable-stagger stator vanes in all
stages to allow maximum flexibility in developing optimal stage-to-stage
matching. This has precluded the use of active clearance control on the rear
case of the rig assembly. The core section of the compressor intermediate case
and the engine diffuser-combustor are simulated in the rig to provide accurate
aerodynamic interface during testing. Provisions are included for extensive
rotating and stationary instrumentation in the rig assembly.

With the exceptions noted above, the designs of the compressor component and
component rig assemblies are identical. The design base for both is the flight
propulsion system. F1ight propulsion system aerodynamic design is directly
duplicated. Material substitutions have been made on the basis of cost and/or
ava11ab111ty where function was not impaired. Compressor component and
component rig efforts are timed so that the component design gains the maximum
benefits derived from rig test results.

Both the compressor component and component rig designs meet or exceed design
requirements, with the exception of 1ife, which is Timited by the present
state of materials development. However, 1ife is adequate to meet the
requirements of the component rig test program. Flight propulsion system 1ife
goals will be achievable with planned advances in materials technology.



SECTION 2.0
INTRODUCTION

The objective of the Energy Efficient Engine program is to develop, evaluate,
and demonstrate the technology for achieving lower installed fuel consumption
and lower operating costs in future commercial turbofan engines. NASA has set
minimum goals of a 12 percent reduction in thrust specific fuel consumption, a
5 percent reduction in direct operating cost, and a 50 percent reduction in
performance degradation for the Energy Efficient Engine (flight propulsion
system) relative to the JTID-7A reference engine. In addition, environmental
goals on emissions (meet the proposed EPA 198l regulation) and noise (meet FAR

36-1978 standards) have been established.

The Pratt & Whitney program effort is based on an engine concept defined under
the NASA-sponsored Energy Efficient Engine Preliminary Design and Integration
Studies Program, Contract NAS3-20628. This program was completed under an
earlier 1ow-energy-consumption-engine contract effort, and is discussed in
detail in NASA Report CR-135396. The Pratt & Whitney engine is a twin-spool,
direct drive, mixed-flow exhaust configuration, utilizing an integrated
engine-nacelle structure. A short, stiff, high rotor and a single-stage
high-pressure turbine are among the major features in providing for both
performance retention and major reductions in maintenance and direct operating
costs. Improved active clearance control in the high-pressure compressor and
turbines, advanced single crystal materials in turbine blades and vanes, and
shroudless fan blades are among the major features providing performance
improvement.

To meet the program objectives, two technical tasks were established by the
Pratt & Whitney Project Team:

Task 1 Propulsion System Analysis, Design, and Integration.
Task 2 Component Analysis, Design, and Development.

The work described in this report was conducted as part of the high-pressure
compressor effort in Task 2. An overview of the high-pressure compressor
design is presented in Part I. A detailed discussion of the component and rig
analysis and design work performed and reported herein is provided in Part II.
Part III presents the component and test rig design update, based on initial
testing of the rig.

The high-pressure compressor program effort was scheduled (Figure 1) to
provide timely interaction between component and rig activities culminating
in: 1) the generation of test data for input to the final component design
update, and 2) substantiation of performance goals for the Task 1 flight
propulsion system high-pressure compressor component.
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PART I
HIGH-PRESSURE COMPRESSOR
COMPONENT AND TEST RIG DESIGN OVERVIEW



SECTION 1.0
INTRODUCTION

The objective of the High-Pressure Compressor Program is to design, fabricate, ,
and test an advanced, ten-stage compression system that meets the following
performance and design goals. Key performance goals include an adiabatic
efficiency of 88.2 percent for the fully-developed flight propulsion system
compressor and an efficiency of 86.5 percent for the compressor component rig
test. Other performance goals are a pressure ratio of 14:1, a surge margin of
20 percent, and a corrected flow rate of 35.2 kg/sec (77.5 1b/sec). Component
design goals for life are 20,000 missions and 30,000 hours.

The approach used to meet the program objective involved dividing the
high-pressure compressor design effort into two major subtasks, including a
component design subtask and a test rig design subtask.

The purpose of the component design subtask is to provide the design :
definition necessary for fabricating hardware to be used in the component rig
test program. It included a design update of the component airfoils based on
test results from the first two builds of the high-pressure compressor test
rig. These updated airfoil designs were fabricated and tested in the third
build of the component test rig.

The purpose of the test rig design subtask is to provide the design definition
necessary for the fabrication of parts peculiar to the test rig. Parts such as
inlet ducts, "dummy" diffuser case, rear compressor case with adjustable
vanes, front and rear hubs, bearings, and instrumentation were designed under
this subtask. Because of the mechanical complexity resulting from the
adjustable vanes in all but the fifteenth-stage stator row, an active
clearance control system was not incorporated into the rig design.
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2.1 COMPRESSOR ASSEMBLY
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construction also minimizes steps in the flowpath and allows the most
effective use of active clearance control. The exit stator flowpath is canted
outward 5 degrees to reduce the combustor/diffuser turning and risk of flow
separation on the outer diameter wall.

The active clearance control system is an external design. This design
eliminates a double wall construction, has fewer leaks, can be tailored to
varied stage-to-stage active clearance control movement, and its
_characteristics are analytically more predictable than those of an internal
design system.

Table I summarizes the compressor design parameters at the aerodynamic design
point, following completion of detailed design activities. Table II compares
the more significant parameters at several operating conditions. The adiabatic
efficiency of 88.3 percent exceeds the 88.2 percent goal level established for
the high-pressure compressor at the completion of the initial design. Detailed
design results showed the capability to achieve a 0.030 cm (0.012 in) average
rotor tip clearance for the flight propulsion system high-pressure compressor
compared to the goal clearance of 0.033 cm (0.013 in). This 0.003 cm (0.001
in) tip clearance improvement was estimated to increase efficiency by an
additional 0.1 percent.

TABLE 'I
HIGH-PRESSURE COMPRESSOR DESIGN SUMMARY AT AERODYNAMIC DESIGN POINT

Parameter , ' : Design Value
Number of Stages 10
Pressure Ratio ' 14
Adiabatic Efficiency, % _ 88.3
Surge Margin, % 20
Corrected Flow, kg/sec (1b/sec) 35.2 (77.5)
Corrected Speed, rpm 12135
Inlet Corrected Tip Speed, m/sec (ft/sec) : 379 (1245)
Inlet Specific Flow, kg/sec-m2 (1b/sec-ft2) 185 (38)
Inlet Hub/Tip Ratio ‘ _ 0.56

Exit Hub/Tip Ratio 0.924
Exit Mach Number (without blockage) 0.28
Average Aspect Ratio 1.52

Average Gap/Chord Ratio 0.89
Axial Velocity/Wheel Speed Rat1o 0.56
Number of Variable Stator Rows 4

Number of Airfoils (without inlet guide vanes) 1266
- Number of Inlet Guide Vanes : 32
Flowpath Type CMD*

*CMD - Constant Mean Diameter



TABLE II
EFFECT OF OPERATING CONDITIONS ON DESIGN PARAMETERS

Operating Condition

Aero. Des. Maximum Maximum

Parameter ' Point Cruise Climb  Takeoff
Pressure Ratio 14.0 13.8 14.2 13.0
- Efficiency, %:
(Adiabatic) 88.3 88.4 88.1 89.4
(Polytropic) 91.7 91.8 91.5 92.4
Inlet Corrected Airflow, kg/sec 35.2 34.9 35.5 33.6
(1b/sec) . (77.5) (76.8) (78.2) (74.0)
Inlet Specific Airflow,~kg/sec-m2' 185.5 184.0 187.5 177.2
(1b/sec-ft?) (38.0) (37.7)  (38.4)  (36.3)
Inlet Corrected Tip Speed, m/sec 379 378 380 373
(ft/sec) (1245) (1242) (1248) (1225)
Actual Rotor Speed, rpm 13,177 13,092 13,586 13,968
Corrected Rotor Speed, rpm | 12,135 12,110 12,130 11,975
Exit Temperature, °C 481 472 524 - 570
(°F) : (898) (882) (975) (1058)

2.2 COMPRESSOR INTERMEDIATE CASE

The design of the intermediate case was included in the high-pressure
compressor design effort because of its potentially strong interaction with
compressor performance. It performs many functions in support of other engine
parts and components, and has a very important effect on overall engine cost,
weight, and performance.

The compressor intermediate case supports the fan and high-pressure compressor
rotors, forms the low- to high-pressure compressor flowpath, and provides the
front mount locations. In addition, it contains the provisions and plumbing
for the towershaft and accessory drive components. The intermediate case,
integrated between the low- and high-pressure compressors, is shown in Figure
3. The case assembly consists of three concentric annular cases with an array

of both structural and nonstructural fan exit guide vanes.
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3.1

SECTION 3.0
PREDICTED PERFORMANCE

SURGE ‘MARGIN PREDICTION

The surge margin requirements for the high-pressure compressor are 20 percent
at the aerodynamic design point and 15 percent at takeoff. A surge margin
1imit correlation, based on previous Pratt & Whitney compressor experience, is
shown in Figure 4. As shown, surge margin requirements are satisfied at both

conditions.
N\
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Figure 4
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SURGE CORRELATION PARAMETER

High-Pressure Compressor Surge Correlation Used in Estimating Surge
Margin :



3.2 EFFICIENCY PREﬁICTION

The design system efficiency prediction, along with the benefits from
technology features summarized in Table III, indicate that the flight
propulsion system goal of 88.2 percent compressor efficiency is achievable.

TABLE III
DESIGN SYSTEM PREDICTION AND TECHNOLOGY FEATURE BENEFITS

Design System Prediction 87.1%
The design system prediction includes the effects of:
o Average rotor tip clearance of 0.030 cm (0.012 in)

Multiple circular arc airfoils

o

0 Intermediate case pressure loss
0o Small inner shroud cavities
0o 20 AA airfoil surface roughness

Additional Technology Features and Estimated Benefits:

0 Trench rub strip benefit +0.8%
0 Controlled diffusion airfoil benefit +0.4%
Estimated High-Pressure Compressor Efficiency 88.3%

3.3 OPERATING MAP PREDICTION

At the completion of the detailed design effort, the compressor operating
characteristics were reviewed to determine the applicability of the map
generated during the preliminary design and reported in Reference 1. The
predicted operating map (Figure 5) remained unchanged from the earlier
definition. The takeoff operating points, major altitude points, and operating
Tine are shown.

1
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PRESSURE RATIO: 13.0 13.8 14.2 14.0
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Figure 5 Predicted High-Pressure Compressor Operating Map. The data show the
aerodynamic design, 10,668 m (35,000 ft) Mach 0.8 cruise/climb, and
takeoff points.
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SECTION 1.0
INTRODUCTION

The compressor configuration for the Energy Efficient Engine was selected,as a
result of an intensive study of the influence of the major compressor design
features on the return on investment (ROI) for a subsonic commercial turbofan.
Compressor efficiency was only one of the parameters considered. The engine
weight, cost, maintainability, aircraft direct operating cost (DOC), and fuel
burned for a typical flight mission were other items governing the final
configuration choice.

The Tatest Pratt & Whitney engine compre'ssor experience plus the results from
research multistage compressor rigs and NASA-sponsored stages were used in the
refinements of the final high-pressure compressor configuration. Advances in
high-pressure turbine technology made it possible to drive the compressor of
14:1 pressure ratio with a single turbine stage and resulted in the optimum
configuration. Other advanced technology items included in the design, to
provide a high probability of meeting the efficiency and surge margin goals,
are: 1) rotor tip trenching, 2) active clearance control (ACC), 3) improved
~ drum rotor cavity design, 4) controlled diffusion airfoil (CDA) designs, and
5) hydraulically smooth airfoil surfaces.

14



SECTION 2.0
AERODYNAMIC DESIGN

2.1 OVERVIEW

To facilitate aerodynamic design and analysis, the compressor and intermediate
case assembly was divided into three subelements: 1) intermediate case fan
duct section, 2) intermediate case core section, and 3) high-pressure
compressor module. The aerodynamic design of the intermediate case fan duct
section was completed previously and is reported in Reference 2.

For the purpose of simulating engine performance, the high-pressure compressor
component is defined as extending from the intermediate case leading edge to
the trailing edge of the compressor exit guide vane. The design pressure ratio
and efficiency, therefore, include the intermediate case core section losses.
In addition, the corrected flow is defined at the inlet to the intermediate
case core section.

The compressor aerodynamic design point is an altitude of 10,668 m (35,000 ft)
~and a flight Mach number of 0.8. The nominal aerodynamic design goals include:

0 14:1 pressure ratio in ten stages

0 Inlet corrected airflow of 35.2 kg/sec (77.5 1b/sec)
0 88.3 percent adiabatic éfficiency

0 20 percent surge margin.

A summary of design parameters at the engine aerodynamic design point is given
for the high-pressure compressor in Table IV. The values given are for the
flight propulsion system (FPS), mature developed engine.

The number of stages was determined from performance and stability
considerations. The inlet hub/tip ratio of 0.56 represents the smallest
diameter that meets the mechanical constraints of the No. 3 bearing
compartment. A specific flow of 185.5 kg/sec-m2 (38.0 1b/sec-ft2) into the
first high-pressure compressor rotor gave the best trade-off between the
compressor size and performance. This specific flow resulted in an axial Mach
number of 0.52 prior to the addition of aerodynamic design blockage and swirl.

15



TABLE IV

HIGH-PRESSURE COMPRESSOR AERODYNAMIC DESIGN PARAMETERS
Aerodynamic Design Point; Altitude = 10,668 m (35,000 ft), Mach No. = 0.8

Parameter Design Value
No. of Stages ' . 10 5
Pressure Ratio 14:1

Surge Margin, % ' 20.0

Inlet Corrected Airflow, kg/sec (1b/sec)(1) 35.2 (77.5)
Inlet Corrected Tip Speed, m/sec (ft/sec)(1) 379.5 (1245)
Adiabatic Efficiency, % : 88.3
Polytropic Efficiency, % 91.7
Flowpath Shape Approx CMD *
Inlet Hub-to-Tip Radius Ratioll) 0.56

Exit Hub-to-Tip Radius Ratio 0.924

Inlet Corrected Specific Airflow, kg/sec-m2 (1b/sec-ft2) 185.5 (38.0)
Exit Mach No. (Without Blockage) 0.28

Average Axial Velocity-to-Wheel Speed Ratio, Cx/U 0.559
Average Airfoil Aspect Ratio 1.52
Average Gap-to-Chord Ratio . 0.89

Average Diffusion Factor 0.456
Average End-Wall Loading, Pg/Po-Ps 0.413

(1) = Changed from preliminary design value.
* CMD = Constant Mean Diameter.

2.2 INTERMEDIATE CASE CORE SECTION AERODYNAMICS

The major consideration in the design of the intermediate case was static
pressure distribution on the walls. From the engine weight and length
considerations, a minimum-length nonseparated transition section between the
low- and high-pressure COmMpressors was desired. Counterrotation of the low-
and high-pressure spools favored an axial flow through the intermediate case
with no turning required of the struts. The ten struts are axially oriented
airfoils of zero camber with a combination of thickness distributions: 1) 65
series airfoil thickness distribution about the meanline between the leading
edge and the tower shaft centerline, and 2) 400 series airfoil thickness
distribution from the tower shaft centerline to the trailing edge (Figure 6).
This combination airfoil provided a reduced blockage in the leading portion
and improved structural stiffness in the aft portion of the strut. Physical
and aerodynamic blockage was modeled after results from prior cold-flow rig
testing. Figure 7 shows the resultant inner diameter and outer diameter total
blockage distribution used in designing the intermediate case through the
strut section. The assumed spanwise loss distribution shown in Figure 8 was

16



derived from comparing both Pratt & Whitney and NASA results from similar
configurations. The intermediate case wall contours were tailored to control
the wall static pressure distribution so as to avoid excessive pressure
gradients and the risk of wall boundary layer separation. Pressure and
temperature spanwise profiles exiting the low-pressure compressor and assumed
in the design of the intermediate case were based on Pratt & Whitney engine
development experience and are shown in Figure 9. Figure 10 shows the design
static pressure distribution on the inner and outer walls. The pressure rise
on the inner wall is well within experience for separation-free flows.
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2.3 HIGH-PRESSURE COMPRESSOR MODULE AERODYNAMIC DESIGN

For the purpose of aerodynamic definition described in the following sections,
the compressor module encompasses the flowpath from the inlet guide vane
Jeading edge to the exit guide vane trailing edge.

2.3.1 Flowpath Definition

Desirable compressor design features were identified in the Advanced
Multistage Axial Compressor (AMAC) studies which preceded the Energy Efficient
Engine design. These features were not always consistent with the low-pressure
~ compressor or combustor requirements and had to be modified to result in the
optimum engine configuration. The final flowpath is shown in Figure 11. Low
inlet hub/tip ratio was beneficial to performance through reduction in the
first rotor tip Mach number. The performance benefit outweighed an increased
diffusion across the intermediate case as well as an increase in length due to
the larger first rotor chord required to eliminate 2E resonance from the
operating range.

The exit stage flowpath is canted approximately 5 degrees outward from the
centerline to improve the aerodynamic matching with the combustor-diffuser
inlet section. The required elevation change across the diffuser and burner
resulted in a strong static pressure (and velocity) gradient with a noncanted
exit row. By turning the exit row flowpath (Figure 11) to mate with the
diffuser flowpath, the static pressure gradient at the last stator exit was
reduced and resulted in improved diffuser performance.

2.3.2 Inlet Guide Vanes

The non-turning intermediate case struts resulted in the requirement that the
inlet guide vanes add 13° to 23° preswirl root to tip to. match the Mach number
and loading requirements of the high-pressure compressor front stage blades. A
comparison of the selected gap/chord ratio (r/b) and Zweiffel coefficients for
the inlet guide vane with Pratt & Whitney experience is shown in Figure 12. As
shown, both the loading and airfoil spacing are kept within prior experience.

A 400 series airfoil was chosen for the inlet guide vane design both for its
Jarge incidence range and choke margin capabilities. The pressure recovery
profile assumed for this airfoil design is shown in Figure 13.

2.3.3 Mach Number Distribution

The meridional flow Mach number into the first rotor is 0.58. Midspan
meridional Mach number decreases through the compressor as shown in Figure 14,
which includes the effects of swirl on flow density, aerodynamic design
blockage, and flow extraction through bleeds. Bleed flows extracted for \
turbine active clearance control and cooling are 1.4 percent at the stator 10
exit, 1.5 percent at the rotor 12 exit, and 3.5 percent at the rotor 15 exit.
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2.3.4 Pressure Ratio Distribution

The high-pressure compressor inlet conditions were based on a typical
Tow-pressure compressor exit pressure distribution derived from Pratt &
Whitney experience. The high-pressure compressor stage pressure ratio
distribution was selected to balance the high speed surge loading requirements
with the stage capabilities. This approach provided assurances of achieving
the required stability for engine transient operations. Four variable stators
(the inlet guide vanes and stators 6, 7, and 8) were required to provide
adequate part-power stability. The final stage pressure ratio distribution for
the high-pressure compressor is shown in Figure 15,

2.3.5 Pressure Profile Distribution

The assumed radial total pressure (Po) profile at the high-pressure compressor
inlet, or low-pressure compressor exit, is basically flat with root and tip
fall-off. The losses through the intermediate case struts and inlet guide
vanes result in a somewhat different profile entering the first rotor of the
high-pressure compressor (Figure 9). Positive radial total pressure slope at
the inlet guide vane trailing edge is warped into a negative slope through the
first few stages of the high-pressure compressor, reaching an approximate 2.5
percent negative slope at the twelfth stage. The slope is removed over the
last three stages for a flat discharge profile. The negative Po slope helps to
balance root and tip loadings and is consistent with Pratt & Whitney engine
development experience. The radial pressure profile skew versus stage is shown

in Figure 16.
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2.3.6 Aspect Ratio Distribution_’

The aspect ratio (average length/average chord) for the airfoils is shown in
Figure 17. The selection of chords was based on aerodynamic surge loading
requirements. Also, vibratory and structural criteria had to be met to ensure
flutter- and resonance-free operation. The sixth rotor chord (first
high-pressure compressor rotor) was chosen to move 2E resonance above the
engine operating range. The exit guide vane represents a special case and is

described separately.
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Figure 17 Stage Aspect Ratio. Selected aspect ratio reflects the requirement
for flutter- and resonance-free operation.
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2.3.7 Solidity Distribution

Configuration studies indicated that, in general, a relatively lTow solidity
was best for operating line efficiency. Low solidity was the design goal for
the back end of the compressor, but the solidity was also determined for some
rows by the requirement to maintain goal surge margin. In the front stages,
with higher inlet Mach numbers, increased solidity resulted in reduced losses.
The stagewise solidity distribution is shown in Figure 18.
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Figure 18 Solidity Distribution. Efficiency and surge margin requirements
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2.3.8 Reaction

Efficiency optimization through meanline studies indicated that swirl angles
resulting in approximately 50 percent reaction should be used in this
compressor configuration. Detailed spanwise analysis led to somewhat increased
reaction in the front stages so as to reduce stator root Mach numbers. The ,
resulting stage reaction distribution is shown in Figure 19. This low reaction
Tevel resulted in lowering rotor Mach numbers and increasing stator Mach
numbers. Figure 20 shows maximum inlet Mach numbers for all rows. The level is
such that a maximum benefit could be derived from the controlled diffusion
airfoils. Except for the inlet guide vane, which is a 400 series airfoil, and
the first two rotors, which utilize transonic multiple circular arc airfoils,
the compressor utilizes controlled diffusion airfoils for the lower loss and
increased range demonstrated in several cascade tests.
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Figure 19 Stage Reaction. Selection is based on the predicted efficiency
benefit.
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2.3.9 Stage Loading Distribution

Loading 1imit correlations based on Pratt & Whitney experience were used as a
guide in distributing stage loading throughout the compressor. The resultant
axial distribution of diffusion factor (Df) and AP/Po-Pg for root, mean

and tip sections are shown in Figure 21. Operating Tine and surge line levels
are based on surge loadings which were distributed smoothly in the axial
direction and balanced radially.
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2.3.10 Airfoil Selection

The selection of 400 series airfoils for the inlet guide vanes was based on
Pratt & Whitney experience. In addition to low losses at the design point, 400

series airfoils also offer good off-design loss and turning characteristics
which are important for part-power performance. y

The Mach numbers on the first two rotors exceeded the range for controlled
diffusion airfoils; therefore, multiple circular arc, transonic-type airfoils
were selected for rotor 6 and rotor 7. The detailed design of the blading for
choke margin and incidence was based on the experience derived from many
transonic fans and from the NASA Low Aspect Ratio Front Stage.

The remaining 17 rows (from stator 7 rearward) incorporate controlled
diffusion airfoils. The selection of low reaction resulted in Mach numbers
which would be supercritical for conventional airfoils through stator 9 of the
compressor. The controlled diffusion airfoils extended the Tow loss range
beyond the design Mach number for these rows, resulting in a substantial
performance advantage. The airfoils were designed in the core region for
steady Mach number deceleration on the suction side. An incidence and
deviation system developed from Pratt & Whitney cascade tests was used in
establishing Teading and trailing edge metal angles. In the end-wall region,
the conventional Pratt & Whitney design approach was applied to set leading
and trailing edge angles relative to the core. The resulting airfoils were
analyzed and tuned as required for structural and vibratory characteristics to
ensure satisfactory performance within the engine operating range. Airfoil
design data are summarized in Appendix A.1.

2.3.11 Exit Guide Vanes

The low reaction design through the back stages resulted in a requirement to
remove 52 degrees of swirl in the last stator in order to achieve an axial
compressor discharge. This turning requirement was just beyond Pratt & Whitney
experience for a single row (Figure 22). The more highly loaded single row
configuration was selected for the engine with the intent of benefiting from
lower cost for a single row exit vane configuration. However, provision was
made to allow incorporation of double exit vanes if the performance of a
single row exit vane did not meet expectations. The aspect ratio for the
single row exit guide vane was set on the basis that enough axial flowpath
space should be provided for a double row design if that became desirable.
This provision resulted in an aspect ratio of 0.52. The gap/chord ratio was
set at 0.4 to bring the diffusion-factor loading to the Tevel comparable to
the other back-end stators in the compressor.

2.3.12 Performance Prediction

The predicted performance of the high-pressure compressor is discussed
earlier in Part I, Section 3.0 of this report.
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SECTION 3.0
MECHANICAL DESIGN

The mechanical design of the high-pressure compressor component included the
compressor module and the intermediate case. The following sections describe
the structural-mechanical design of these elements as well as the results of
pertinent structural analyses used in the design substantiation process.

3.1 HIGH-PRESSURE COMPRESSOR MODULE DESIGN

 The mechanical design of the high-pressure compressor evolved through an
iterative process with the aerodynamic effort in order to arrive at a
mechanical configuration that best achieves the design goals. A cross
sectional view of the Energy Efficient Engine high-pressure compressor module
is presented in Figure 23, illustrating many of the technology features. The
major subassemblies of the compressor module are the rotor assembly, front
case and stator assembly, and the rear case and stator assembly. These, along
with the final flowpath gapping requirements, are discussed in the following

sections.
HIGH PRESSURE
COMPRESSOR MODULE

OAUM ROTOR

VARIABLE ACTIVE CLEARANCE CONTROL

GEOMETRY
STATORS  TIP TRENCHES

Figure 23 Energy Efficient Engine High-Pressure Compressor Showing Advanced
Technology Features

3.1.1 Compressor Axial Gapping

Initial flowpath definition and preliminary gaps were established during the
aerodynamic design effort. A final definition of these items was made during
the mechanical design effort, consistent with constraints imposed by the
actual configuration geometry. The resultant compressor configuration is
illustrated in Figure 24.

Axial gaps were set to prevent rotor-to-stator rubs under conditions of the
worst tolerance stack-up plus the worst combination of simultaneously
occurring thrust, maneuver loads, surge, and thermal deflections during engine
and rig operation. The gaps were set for each stage based on the limiting
condition for the particular stage.
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Figure 24 High-Pressure Compressor Configuration Resulting from Final
Flowpath Definition and Axial Gapping

The design philosophy for the high-pressure compressor was based on minimizing
program cost by using as much common hardware as possible in both the
integrated core/low spool (IC/LS) and the component test rig. This commonality
required a compromise in the length of the IC/LS compressor to account for the
use of variable stators in stages 9 through 14 of the test rig. A length
increase of 1.138 cm (0.448 in) resulted because the rig vane inner shrouds
are wider to accommodate the vane buttons.

The rotor was initially designed with flow guides on the inner diameter vane
platforms for stages 9 through 15 to improve performance. No additional length
-increase is required to accommodate the ninth-stage flow guide, but a 0.25 cm
(0.100 in) overlap and an additional gap is required for the rear stages. Flow
guides add 1.77 cm (0.696 in) to the compressor length. Subsequent to
preliminary design activities, company-funded three-stage rig tests showed no
measurable benefit from the use of flow guides. They were, therefore, deleted
in the design of the component test rig hardware (Section 4.0). In a refined
flight propulsion system design, a high-pressure compressor length reduction
of 6.469 cm (2.547 in) would be possible if flow guides, rear variable vane
provisions, and excess gap are removed.

Table V summarizes the items requiring consideration when setting the gaps,
and Table VI presents the integrated core/low spool and high-pressure
compressor rig gaps that were established.

TABLE V

DESIGN CONSIDERATIONS USED TO ESTABLISH
ROTOR-TO-STATIC STRUCTURE AXIAL GAPS

Closure Intermediate Case Deflection
Tolerance . Vane Surge

No. 3 Bearing Play Vane Bending

No. 3 Bearing Deflection Vane Deflection

Bearing Support Deflection Bushing Wear

Maneuver Deflection Vane Cocking
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TABLE VI

INNER DIAMETER AXIAL GAPS

Integrated Core/Low Spool High-Pressure Compressor Component and Test Rig
GAPS BETWEEN:
IGV-R6 R6-S6 S6-R7 R7-S7  S7-R8 R8-S8  S8-R9 RS-S9 S9-R10 R10-510 S10R11 S11-R11 S11-R12 R12-512 S$12-R13 R13-813 S13-R14 R14-514 S14-R15 R15-EGV  Total
Flight Engine / Test Rig Design Gaps:
1498 1415 1.237 0.927 0.775 0.749 0.848 0.483 0587 0.505 0.587 0447 0612 0455 0.602 0445 0572 0.455 0579 0925 14.703
0590 0.557 0.487 0.365 0.305 0.295 0.334 0.190 0.2 0.199 0.231 0.176 024t 0479 0.237 0.175 0.225 0479 0.228 0.364 5.788
Minimum Required Flight Engine Gaps:
1250 1.204 1.143 0.828 0.732 0597 0.569 0.465 0.404 0.421 0378 0378 0.340 0.333 0.361 0.353 0.386 0.328 0.363 0305 11.138
0.492 0474 0.450 0.326 0.288 0235 0224 0183 0.159 0.166 0149 0149 0.134 013 0.142 0.139 0.152 0129 = 0143 0.120 4385
Minimum Required Test Rig Gaps
0881 0955 0.780 0.696 0.566 0617 0.373 0.429 0.968 0.394 0.363 0.39%4 0.394 0.381 0.427 0.394 0.457 0.384 0.465 0.282 10.000
0347 0376 0.307 0.274 0.223 0.243 0.147 0.169 0.145 0.155 0.143 0.155 0.155 0.150 0.168 015 0.180 0.151 0.183 011 3937

Units

inch
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3.1.2 Compressor Module Rotor Assembly

3.1.2.1 General Description

The rotor assembly is shown in Figure 25. It comprises a one-piece electron
beam welded titanium drum front rotor, for stages 6 through 13 inclusive,
bolted to a one-piece PWA 1099 (see Appendix B for material equivalency) ’
nickel alloy tandem disk/rotor assembly, for stages 14 and 15, which is
machined from a powdered metal compaction. .

Ten rows of blades are attached to the rotor. The first three blade rows are
attached to their respective disks by axial root attachments. The remaining
seven rows have tangential attachments. Integral knife edge seals are used at
interstage locations throughout the assembly, and a bolted-on knife edge seal
is used at the sixth-stage inlet.

Bleed air for turbine cooling enters the inner rotor cavity via 22 bleed tubes
which are installed in the rotor aft of the twelfth-stage disk.

CENTER TUBE
N
ELECTRON BEAM WELDS \\ BLEED TUBE
1 I X
1 /
S '. o
TANDEM DISK

FRONT SEAL
MID COMPRESSOR JOINT

& BLADE TIPS~GROUND AT ASSY peere_!
(TYPICAL -

Figure 25 High-Pressure Compressor Rotor Assembly
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3.1.2.2 Rotor Drum Design

Analysis of the drum portion of the module rotor assembly was conducted using
the flight propulsion system flight cycle operating conditions. The procedure
was initiated with a finite element analysis of the temperature distributions
within the rotor structure. The resultant data were incorporated into a finite
element (shell) structure analysis routine to establish rotor stresses and
deflections. Spacer load was input into the structural analysis as a variable
load. Figure 26 shows the thermal analysis model and Table VII indicates some
typical temperature distributions at two of the operating conditions. Figure
27 shows the complementary structural analysis model.

. Analysis focused on the following subelements: disks, drum rim spacer welds,
blade tangential slots, oil weep and bore cooling air holes, solid body bleed
tube, center tube, knife-edge seals, and rotor tie bolts. These subelements
are discussed in the following sections.

The plastic growth limits, low cycle fatigue life, burst margin, radial
stresses, creep 1ife, and bore fracture mechanics are summarized in Tables
VIII, IX, and X and Figures 28 and 29. The data show that the structural
design is capable of meeting all of the 1ife goals for the component rig and
the integrated core/low spool. However, some improvements must be made to the
low cycle fatigue 1ife of certain components to meet the goals -for the flight
propulsion system.

- 3.1.2.2.1 Disk Design

In the integrated core/low spool, the disks in the sixth and seventh stages
are titanium AMS 4928 material. The eighth through eleventh stage disks are
PWA 1224, which is a form of 6-2-4-2 titanium with improved lTow-cycle fatigue
